ABSTRACT Aims/Introduction: The association between urine pH and abnormal glucose tolerance in men and women is unclear; therefore, we carried out a community-based, crosssectional study to investigate sex-specific associations between these values, possible indicators of prediabetes and type 2 diabetes. Materials and Methods: We enrolled 4,945 Japanese individuals (2,490 men and 2,455 women), who had undergone annual health checkups. To investigate the relationship between low urine pH and abnormal glucose tolerance, participants were divided into three groups based on their fasting plasma glucose levels (<6.11 mmol/L, 6.11-6.99 mmol/L and ≥6.99 mmol/L), and three groups based on their glycated hemoglobin levels (≤44.3 mmol/mol, 44.3-47.5 mmol/mol and ≥47.5 mmol/mol). To examine the effects of urine pH on abnormal glucose tolerance, participants were categorized into five groups based on their urine pH (5.0, 5.5, 6.0, 6.5 and ≥7.0). Results: Multivariate analysis adjusted for age, body mass index, systolic blood pressure, triglycerides, high-density lipoprotein cholesterol, uric acid, creatinine and antidiabetic agent use showed significant associations between low urine pH and both high fasting plasma glucose and high glycated hemoglobin levels (P for trend = 0.0260, 0.0075) in men. Furthermore, after the same adjustments, prevalence rates of abnormal glucose tolerance (≥6.11 mmol/L and ≥6.99 mmol/L), increased significantly as urine pH levels decreased (P for trend = 0.0483, 0.0181) in men. In women, a similar trend was observed without a significant difference. Conclusions: Low urine pH is significantly associated with abnormal glucose tolerance; therefore, measuring urine pH might prove useful for identifying patients at high risk for diabetes.
INTRODUCTION
The prevalence of diabetes continues to increase worldwide, and it has been estimated that the total number of people with diabetes will rise from 171 million in 2000, to 366 million in 2030 1 . Diabetes leads to multiple complications, including cardiovascular disease 2 and diabetic nephropathy 3 . Furthermore, in 2013, an estimated 5.1 million adult deaths were attributable to diabetes 4 . Therefore, early identification of groups at high risk for developing this disease and provision of appropriate interventions is extremely important.
It has recently been reported that urine pH is associated with a variety of diseases; for example, low urine pH causes nephrolithiasis and affects its pathophysiology, therefore, making it a therapeutic target 5, 6 . Furthermore, the prevalence of nephrolithiasis has increased among patients with metabolic syndrome and diabetes [7] [8] [9] [10] [11] . The relationship between urine pH and metabolic syndrome has been examined [12] [13] [14] , and not only has low urine pH been associated with metabolic syndrome, but it has also been identified as a risk factor for its onset 14 .
Furthermore, other studies have shown that urine pH has an inverse correlation with body mass index (BMI) [15] [16] [17] and insulin resistance 12, [18] [19] [20] , which are associated with the onset of type 2 diabetes mellitus 21, 22 . However, these studies involved specific populations, such as outpatients, or small populations, and they did not all differentiate between the sexes 12, [18] [19] [20] . Thus, it remains unclear whether abnormal glucose tolerance levels, such as those seen in prediabetes and type 2 diabetes, are associated with urine pH.
In response to these facts, we undertook a large communitybased, cross-sectional study to investigate associations between urine pH and levels of fasting plasma glucose (FPG) and glycated hemoglobin (HbA1c), which can be indicators of prediabetes and type 2 diabetes in men and women.
METHODS

Participants and assessments
The present community-based, cross-sectional study began with a review of the medical records of 4,945 Japanese individuals who had undergone at least one annual health checkup at the Ehime General Health Care Association in Ehime, Japan, between April 2013 and March 2014. The group included 2,490 men and 2,455 women whose ages ranged from 23 to 86 years. The annual health checkups involved recording the individuals' medical histories (including all prescription medications), physical examinations, and measurements of anthropometric and routine biochemical variables. The participants' bodyweights and heights were measured while they wore light gowns and no shoes, and these measurements were used to calculate their BMIs. An automated sphygmomanometer was used to measure blood pressure while the participants were seated. Blood samples were drawn during the morning after overnight fasts of >10 h to measure levels of a variety of components, including FPG, HbA1c, total cholesterol, high-density lipoprotein cholesterol, uric acid and creatinine. Similarly, midstream urine samples were collected during the morning after overnight fasting, and these samples underwent dipstick testing.
Approval for this study was obtained from the Ehime University Hospital Research Ethics Board (approval ID #110405) in accordance with the 1995 Declaration of Helsinki. All of the study's procedures were carried out in accordance with the guidelines for good clinical practice, and fulfilled local ethical and legal requirements. To maintain anonymity, we assigned all participants numerical codes, and all data were stored in a secure database.
Statistical analysis
Statistical analyses were carried out using JMP software, version 11 (SAS Institute, Cary, NC, USA). To investigate the relationship between low urine pH and FPG levels, the participants were assigned to one of three groups based on their FPG levels (<6.11 mmol/L, 6.11-6.99 mmol/L or ≥6.99 mmol/L). To examine the association between HbA1c level and urine pH, participants were further assigned to one of three groups based on their HbA1c levels (≤44.3 mmol/mol, 44.3-47.5 mmol/mol or ≥47.5 mmol/mol) or (tertile ≤33.3 mmol/mol, 33.3-37.7 mmol/mol or ≥37.7 mmol/mol). Furthermore, to examine the effects of urine pH on abnormal glucose tolerance, the participants were assigned to one of five groups based on their urine pH values (5.0, 5.5, 6.0, 6.5 or ≥7.0). We defined the low urine pH value as ≤5.5, with reference to previous reports 13, 18 . The one-way analysis of variance (ANOVA) was used to determine continuous variables, and the v
2
-test was used to analyze the categorical variables. Logistic regression analysis was carried out to estimate crude odds ratios (ORs) and 95% confidence intervals (CIs) of low urine pH in relation to high levels of FPG and HbA1c, and abnormal glucose tolerance in relation to levels of urine pH. Multiple logistic regression analysis was adjusted for the following variables associated with metabolic disease and renal function: age, BMI, systolic blood pressure, triglyceride level, high-density lipoprotein cholesterol level, uric acid level, creatinine level and antidiabetic agent use. The trend of association was assessed by using a logistic regression model that assigned consecutive integers to the categories of the exposure variables. Data are presented as means (standard deviations) or as numbers (percentages). P-values of <0.05 were considered statistically significant.
RESULTS
Baseline characteristics
Baseline characteristics of the participants categorized according to their FPG levels are shown in Table 1 . Among all study participants, those of both sexes who were assigned to one of the high FPG level categories (≥6.11 mmol/L) were older, and had higher BMIs, systolic blood pressures, triglyceride levels and uric acid levels, as well as low high-density lipoprotein cholesterol levels. Furthermore, the male participants who were in the higher FPG level categories had lower creatinine levels than did the male participants in the <6.11 mmol/L group. For both sexes, higher proportions in the abnormal glucose tolerance categories (≥6.11 mmol/L) had been prescribed antidiabetic agents. Higher proportions of the men in the high FPG level categories had lower urine pH values (≤5.5) than did those men in the <6.11 mmol/L category. In the women, although there was no significant difference, a similar trend was observed.
Relationship between low urine pH and FPG levels A significant association between low urine pH and high FPG levels (≥6.11 mmol/L) was observed in men through a crude analysis (Table 2 ). Furthermore, after adjustment for age, BMI, systolic blood pressure, triglyceride level, high-density lipoprotein cholesterol level, uric acid level, creatinine level and antidiabetic agent use, the association between low urine pH and the category of 6.11-6.99 mmol/L yielded an OR of 0.98 and a 95% CI of 0.72-1.32. Likewise, low urine pH and its relationship to participants in the category of ≥6.99 mmol/L resulted in an OR of 1.72 and a 95% CI of 1.14-2.62 (P for trend = 0.0260) in men ( Table 2 ). In women, although the urine pH values did not show a significant association with FPG levels, a similar trend was observed (Table 2) .
Relationship between low urine pH and HbA1c levels
The association between low urine pH and HbA1c levels showed a trend similar to the association with FPG. In men, a crude analysis showed that low urine pH is significantly associated with high HbA1c levels (Table S1 ). After adjustment for the aforementioned factors, multivariate analysis of the association between low urine pH and the category of 44.3-47.5 mmol/mol HbA1c levels yielded an OR of 0.66 and a 95% CI of 0.30-1.37, whereas the association with the ≥47.5 mmol/ mol category resulted in an OR of 1.77 and a 95% CI of 1.22-2.57 (P for trend = 0.0075) in men (Table S2 ). In women, a similar trend without statistical significance was observed (Tables S1 and S2) . Additionally, when participants were categorized based on their HbA1c levels into tertiles (≤33.3 mmol/ mol, 33.3-37.7 mmol/mol or ≥37.7 mmol/mol), the association between low urine pH and HbA1c levels was significant in men (Table S3 and S4) . However, urine pH showed no significant association with the HbA1c level tertile among women (Tables S3 and S4) .
Relationship between abnormal glucose tolerance and urine pH Table 3 shows the crude ORs and 95% CIs for the prevalence of abnormal glucose tolerance in relation to urine pH. As urine pH levels decreased, the prevalence rates of abnormal glucose tolerance levels (≥6.11 mmol/L and ≥6.99 mmol/L) increased significantly in men (P for trend = 0.0051, 0.0019, respectively). After adjustment for age, BMI, systolic blood pressure, triglyceride level, high-density lipoprotein cholesterol level, uric acid level, creatinine level and antidiabetic agent use, prevalence rates of abnormal glucose tolerance increased significantly as urine pH levels decreased (P for trend = 0.0483, 0.0181) in men (Table 3) . However, no significant associations were found between urine pH and abnormal glucose tolerance in women. In addition, sex was included as a covariate, and the results of the analysis are shown in Tables S5 and S6 . The crude ORs and 95% CIs for the prevalence of abnormal glucose tolerance in relation to urine pH are shown in Table S5 . As urine pH Values are expressed as mean (standard deviation). For continuous values, differences among groups were assessed using one-way analysis of variance. The v levels decreased, prevalence rates of abnormal glucose tolerance levels increased significantly (P for trend = 0.0005, 0.0009).
After adjustment for the aforementioned factors, as well as sex, prevalence rates of abnormal glucose tolerance also increased significantly as urine pH levels decreased (P for trend = 0.0228, 0.0320; Table S6 ).
DISCUSSION
The findings from the present community-based, cross-sectional study suggest that, in men, low urine pH is independently associated with a high prevalence of abnormal glucose tolerance. Furthermore, prevalence rates of abnormal glucose tolerance increased significantly as urine pH levels decreased. These significant associations remained after adjustments for potential confounding factors. In women, although the urine pH values did not show a significant association with prevalence rates of abnormal glucose tolerance, a similar trend was observed. Several recent studies have described associations between low urine pH and impaired glucose tolerance. The findings from a study of 162 male participants with gout, carried out by Takahashi et al.
18
, showed that the FPG levels were higher in participants with urine pH values of <5.5 as compared with participants with urine pH values of ≥5.5. Maalouf et al. 12 carried out a study that involved 148 outpatients who did not have either chronic kidney or kidney stone disease, and their multivariate analysis, which was adjusted for BMI, age, sex, urine sulfate levels and creatinine clearance rates, showed an inverse relationship between 24-h urine pH monitoring and FPG levels. However, the participants in these studies were selected from specific populations, and the patient numbers The data presented are the odds ratio (95% confidence interval). Adjustments were made for age, body mass index, systolic blood pressure, triglyceride level, high-density lipoprotein cholesterol level, uric acid level, creatinine level and antidiabetic agent use. The data presented are the odds ratio (95% confidence interval). Adjustments were made for age, body mass index, systolic blood pressure, triglyceride level, high-density lipoprotein cholesterol level, uric acid level, creatinine level and anti diabetic agent use. A low urine pH value was defined as urine pH ≤5.5.
were small. Otsuki et al. 19 recruited 1,503 male participants who underwent health checkups at the healthcare center in Kinki Central Hospital, and examined the associations between FPG levels and urine pH values. They divided the participants into four groups based on their urine pH values (5, 5.5, 6 and pH ≥6.5), and the study's findings showed that lower urine pH values were associated with an increase in FPG levels 19 . Cho et al.
13
, in their study of 4,662 individuals who participated in the fifth Korea National Health and Nutrition Examination Survey, showed that low urine pH values (<5.5) were associated with elevated FPG levels in a multivariate analysis that was adjusted for age, sex, blood urea nitrogen, smoking status, drinking status and regular exercise. The findings from a population-based study of 69,094 participants, carried out by Hara et al., in which the participants were divided into four groups based on their urine pH values, (≤5, 5.5, 6.0 and ≥6.5), and according to sex, showed significant inverse correlations between urine pH values and FPG levels when a trend test was used 14 . However, these studies either did not consider sex differences 13, 18, 19 , or the data were not scrutinized using multivariate analyses 14, 18, 19 . Additionally, the studies did not examine the association between urine pH and levels of FPG and HbA1c, possible indicators of prediabetes and type 2 diabetes, which are the primary findings of the current study.
Mechanisms explaining the relationship between low urine pH and abnormal glucose tolerance might be associated with insulin resistance. Abate et al. 20 used a hyperinsulinemic euglycemic clamp and 24-h urine pH monitoring to examine insulin resistance in 55 healthy volunteers and 13 patients with uric acid nephrolithiasis, and reported that insulin resistance was associated with a low urine pH. Additionally, insulin increases renal ammonium production and excretion, and this production/excretion from the renal proximal tubules is reduced in patients with insulin resistance, which lowers urine pH 23 . Conversely, one experimental study showed that insulin increases Na + /H + exchanger activity in a time-and concentration-dependent manner in the proximal tubules; therefore, high insulin levels induced by insulin resistance also lower urine pH 24 . Gluconeogenesis might also affect the relationship between plasma glucose levels and the urine pH, because it increases in the kidney in an environment of chronic acidosis 25 . Furthermore, to counteract acidosis, the extraction of glutamine to the proximal tubule's cells increases not only from the lumen, but also from the blood. Its catabolism induces the transport of HCO 3 -ions to the blood by the Na + /3HCO 3 -cotransporter, and increases expression of the Na + /H + exchanger that contributes to the transport of ammonium ions to the lumen, thus lowering urine pH. In addition, the catabolism of glutamine simultaneously induces gluconeogenesis in the proximal tubule cells; therefore, individuals with lower urine pH values have higher plasma glucose levels.
The differences between men and women might be associated with the number of individuals with abnormal glucose tolerance. The number of female participants with abnormal glucose tolerance was small, which might explain why the association between low urine pH and abnormal glucose tolerance was not significant in women. However, the differences between men and women might be associated with the differences in the distribution of adipose tissue and estrogen levels 26 .
Men have higher amounts of visceral and hepatic adipose tissue, whereas women have more peripheral and subcutaneous adipose tissue. Increases in the levels of visceral and hepatic adipose tissue reduce the level of adiponectin, which lowers glucose production in the liver and improves insulin sensitivity in both muscles and the liver 27 . Furthermore, the level of adiponectin is lower in men than in women 28 . Estrogen has favorable effects on insulin, glucose homeostasis and adipose tissue distribution, and is reported to protect against hyperglycemia by reducing hepatic glucose production and enhancing glucose transport in the muscles 29 . Therefore, being male might stimulate more insulin resistance, and, thus, men might be more apt subjects to show associations between low urine pH and abnormal glucose tolerance than women. Tables S1 and S2 show a U-shaped association between low urine pH and HbA1c level. However, the present analysis also showed a significant trend for the association between urine pH and HbA1c level. Additionally, after categorizing the participants according to tertiles of HbA1c level, the U-shaped association could not be detected. Therefore, we believe the deflection of the number of participants generated the U-shape.
One of the strengths of the present study was the fact that the participants were selected from a general population. Furthermore, we examined the relationship between urine pH and levels of both FPG and HbA1c, possible indicators of prediabetes, and type 2 diabetes. Nevertheless, there were some limitations to the present study. First, we used spot urine tests to measure urine pH rather than 24-h urine monitoring, although it has been reported that urine pH values measured by both methods are comparable 30 . Second, we measured urine pH using simple dipstick testing; however, this method has been reported to yield data as reliable as those generated by electrochemical pH meters 31 . Furthermore, because measuring urine pH using dipstick testing is simple, non-invasive and inexpensive, it might be useful in screening for abnormal glucose tolerance in high-risk male patients. Third, we used only one blood test to categorize the participants, which might have led to the misclassification of the participants. Fourth, we could not examine other covariates, such as renal tubular acidosis, urinary tract infections, medications and diet. Furthermore, we did not evaluate the effects menopause has on several metabolic disorders. Finally, the present study was cross-sectional, and we were unable to prove causality, and the results obtained in this study might therefore be due to reverse causality. Future studies using a prospective validation design are, therefore, necessary to further evaluate this relationship.
Despite these limitations, the findings of our large, community-based study show a significant association between low urine pH and abnormal glucose tolerance in men, and a similar
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